Water strongly influences the physical properties of the mantle and enhances its ability to melt or convect. Its presence can also be used to trace recycling of surface reservoirs down to the deep mantle 1 , which makes knowledge of the water content in the Earth's interior and its evolution crucial for understanding global geodynamics. Komatiites (MgO-rich ultramafic magmas) result from a high degree of mantle melting at high pressures 2 and thus are excellent probes of the chemical composition and water contents of the deep mantle. An excess of water over elements that show similar geochemical behaviour during mantle melting (for example, cerium) was recently found in melt inclusions in the most magnesiumrich olivine in 2.7-billion-year-old komatiites from Canada 3 and Zimbabwe
, this study and GEOROC database: http://georoc.mpch-mainz. gwdg.de/georoc/). Coloured fields correspond to submarine glasses of mid-ocean ridge basalts (MORB), ocean island basalts (OIB), back-arc basin basalts (BAB), island-arc basalts (IAB), and continental margin basalts and andesites (CMB). MORB and OIB form in mid-ocean ridges and intraplate settings; IAB and CMB are directly related to subduction zones; BAB are barely related to subduction zones. Primitive mantle composition after refs 30, 31 . Open circles identify melt inclusions in olivine from basalts that gained H by diffusion through host olivine 7, 8 . b, Compositions of melt inclusions versus Fo content of host olivine for komatiites. Variations of H 2 O/Ce ratios of inclusions entrapped by olivine of the same composition are attributed to post-entrapment diffusional H loss. The increase of H 2 O/Ce with decreasing Fo of host olivine in Weltevreden samples is attributed to fractional crystallization plus wallrock assimilation (AFC), because olivine fractional crystallization (FC) alone does not change the H 2 O/Ce ratio of the melt. The composition of hydrated transition zone (open diamond) is estimated from H 2 O contents of a ringwoodite inclusion in diamond 19 and the Ce content of primitive mantle 31 assuming olivine Fo90. The composition of the mantle (pink field) is from refs 30, 31 . Errors (two standard errors) are within symbol size. The compositions of melt inclusions are from refs 3, 4, 12, 20, 32 and this study.
Letter reSeArCH originating over subduction zones gain H 2 O through dehydration of the subducted slab and have higher H 2 O/Ce ratios (Fig. 1a) . The H 2 O excess in these magmas positively correlates with an excess of elements such as Ba and Rb that are concentrated in slab-derived hydrous fluids.
Melt inclusions in olivine from komatiites of different ages have Ba/Nb ratios similar to that of bulk silicate Earth (BSE) but much higher H 2 O/Ce ratios (Fig. 1a) . Our previous study of melt inclusions in komatiites approximately 2.7 Gyr old from the Abitibi 3 and Belingwe 4 greenstone belts in Canada and Zimbabwe, respectively, showed that their primary melts had moderate water contents (0.2 wt% to 0.6 wt% H 2 O) but very large excesses of H 2 O over Ce. This feature was interpreted to indicate the presence of excessive H 2 O in their mantle sources, possibly entrained into the komatiite source as it passed through the transition zone 3 . However, some melt inclusions in olivine also showed an excess of H 2 O over Ce that was thought to originate from diffusive gain of H through the host olivine when the external pressure of H 2 O exceeded that inside the inclusion [6] [7] [8] . Such inclusions are identified in Fig. 1a . Many more melt inclusions display H 2 O depletion (H 2 O/Ce ratios lower than those of syngeneic submarine glasses in Fig. 1a ) due to diffusive loss of H through the host olivine, or by degassing of melt before entrapment 9, 10 . Hydrogen isotopes are frequently used to trace the source of H 2 O in mantle-derived magmas because of disequilibria between deuterium-enriched surface reservoirs and deuterium-depleted mantle 5 .
They also efficiently record post-entrapment hydrogen exchange through host minerals between melt inclusions and external magma. This process changes the primordial H isotopic composition of melt inclusions because hydrogen ( 1 H) diffuses through olivine much faster than deuterium (D), changing δD (the deviation in the ratio of D/ 1 H, in parts per thousand, relative to the standard ratio in modern seawater, VSMOW) in melt inclusions 9, 10 and also because 1 H and D fractionate between melt and fluid 10 . Both processes produce a negative correlation between the δD and concentration of H 2 O (refs 9, 10 ). Despite these changes, hydrogen isotopes remain sensitive tracers of the H 2 O source-whether that is mantle, surface reservoirs or recycled material-because of their strong fractionation between minerals and fluid at low to medium temperatures 5 . We report the results of an investigation of melt inclusions in high-Mg olivine phenocrysts in 3.3-Gyr-old komatiites from the Weltevreden Formation in the Barberton greenstone belt (South Africa) 11 . We used melt inclusions in olivine rather than bulk rock compositions because these microscopic portions of melt were isolated by the host mineral and preserve original contents of volatile and other highly mobile elements, as shown previously 3, 4 and confirmed in the present study. We analysed homogenized melt inclusions by electron microprobe for major and minor elements, by laser-ablation inductively coupled plasma mass spectrometry (ICP-MS) for trace elements and by ion probe for H 2 O contents (see Methods). Hydrogen isotopes were analysed by ion probe in The H 2 O/Ce ratios of melt inclusions display broad ranges for the same composition of host olivine (Fig. 1b) , a feature that we attribute to H 2 O loss or gain due to diffusion of H through olivine or melt degassing before entrapment. The maximum H 2 O/Ce ratio in each sample of Weltevreden komatiites inversely correlates with the forsterite (Fo) content of host olivine. Because olivine fractionation does not change the H 2 O/Ce ratio, this points to assimilation of H 2 O-enriched material during crystallization and emplacement of the Weltevreden komatiite.
Most measured hydrogen isotope compositions (δD) of melt inclusions in Weltevreden and Abitibi komatiites show very high values that do not match any terrestrial reservoirs (Fig. 2a, b ). In the Weltevreden komatiite samples, δD increases with decreasing H 2 O concentrations along tight trajectories like those predicted for diffusional H loss 9 . Moreover, in samples 1521 and 1523, δD inversely correlates with the inclusion size (Extended Data Fig. 5 ). None of the measured δD values match the highly negative numbers expected for melt inclusions that gained H by diffusion (Fig. 2a) . These features preclude diffusive gain of H 2 O in the studied melt inclusions and instead suggest partial diffusive loss of H 2 O from them. This result is in accord with that of our earlier study of melt inclusions in olivines from Abitibi komatiites 3 in which we used Sc/Y olivine-melt geothermometry to estimate the depression of crystallization temperatures caused by the presence of H 2 O in the melt.
The original H isotope composition of the trapped melts was calculated from a model of diffusional loss of hydrogen 9 . In our calculations, we used estimated initial H 2 O contents of the melt inclusions, their chemical compositions and size. The initial H 2 O contents were inferred assuming that the maximum H 2 O/Al 2 O 3 ratios in olivinehosted melt inclusions in each sample represent the minimum original amount of H 2 O (see Methods for further details). The calculated isotopic compositions of hydrogen ( Fig. 2c) for Weltevreden inclusions strongly inversely correlate with the Fo content of host olivine (R 2 = 0.48, n = 23, 99.97% confidence), supporting the interpretation that these rocks were contaminated by hydrated rocks near the Earth's surface (sediments, serpentinites) during fractional crystallization of olivine, as proposed earlier based on evolution of H 2 O/Ce ratio (Fig. 1b) . The two inclusions that do not require correction for hydrogen loss follow this correlation within error. Data for inclusions uncorrected for hydrogen loss reveal only marginal inverse correlation with host olivine composition (R 2 = 0.25; Fig. 2b ), whereas the two inclusions that do not require correction for hydrogen loss do not follow the correlation. Seven of nine corrected inclusions in the most magnesian olivines (Fo > 95 ± 0.1) are (with 95% confidence) more depleted in deuterium than Archaean surface reservoirs and mantle (Fig. 2c) . Three apparent outliers (from a total of 23), indicated by small symbols, do not fit the correlation (Fig. 2c, Extended Data  Fig. 7a ). Possible reasons for this are discussed in Methods. After filtering out these outliers, the correlation becomes particularly strong (R 2 = 0.68 for n = 20, 99.999% confidence).
To estimate hydrogen isotope composition of the parental uncontaminated melt of Weltevreden komatiites, we apply two approaches: averaging of filtered inclusions in high-Mg olivines (Fo > 95.0 ± 0.1, n = 6), and extrapolation of linear correlation to the composition of most magnesian olivine recorded for these lavas (Fo 96). Compositions calculated using both approaches are strongly depleted in deuterium (δD = −181‰ ± 42‰ and −254‰ ± 55‰, respectively, 2σ) and differ significantly from those of any terrestrial surface H 2 O reservoirs and mantle (Fig. 2a, c) .
Our new data, as well as those reported earlier 3, 4 , rule out shallow contamination as a source for H 2 O excess in parental komatiite melts from Abitibi, Belingwe and Weltevreden. Also, a primary source of the excess H 2 O has been confirmed for Gorgona komatiites 12 . None of these melts shows the geochemical features of magmas from subduction zones, but all are relatively enriched in chlorine and depleted in lead (Fig. 3) . This suggests the persistence of a deep Cl-rich, Pb-depleted hydrated mantle source from the Palaeoarchaean to at least the Tertiary: that is, during the last 3.3 billion years of Earth history (Fig. 4a) .
According to recent experimental data on the solidus temperature of fertile peridotite 13 , mantle plumes with potential temperatures over 1,630 °C, as is the case for the sources of Abitibi and Belingwe komatiites 5 , must have been partially molten in the mantle transition zone. The composition of the primary melt for Weltevreden komatiites, calculated assuming equilibrium with the most Mg-rich olivine (Fo 96), contains about 33 wt% MgO. This indicates an eruption temperature of about 1,550 °C (assuming approximately 0.28 wt% H 2 O in the melt) and a potential temperature over 1,750 °C (ref.
14 ). The Weltevreden komatiites are more depleted in moderately incompatible elements than other komatiites (Fig. 3) and are thought to have originated by melting of a refractory source after the extraction of partial melts in the plume, which also was partially molten when it passed through the mantle transitional zone 15 . Ringwoodite and wadsleyite in the mantle transition zone have high storage capacities for H 2 O and Cl (refs [16] [17] [18] ), and a considerable amount of water seems to be present at these depths 19 . These observations support an idea that water and possibly chlorine in these komatiites were entrained into their plume sources when they passed through the hydrated transition zone 3 . The presence of partial melt in the plume at transition zone depths is thought to be essential for the entrainment of volatiles 3 . The absence of excess H 2 O in the magmas from classical Phanerozoic mantle plumes such as Hawaii or Iceland, which should also pass through the hydrated transition zone, is attributed to their lower temperature, which was not high enough to produce partial melts at transition zone depths 3 . The eruption temperature of Gorgona komatiite 20 , calculated assuming an initial H 2 O content of 0.6 wt% and 17 wt% MgO in the primary melt equilibrium with the most Fo-rich olivine (Fo 91.5) is only about 1,360 °C. On the other hand, the eruption temperatures of Gorgona picrites, estimated from olivine compositions up to Fo 93.6, and those of the picrites from Tortugal in another part of the Caribbean large igneous province, are higher (up to 1,570 °C) and very close to those of Archaean komatiites 21, 22 . This suggests that parts of the plume that produced these picrites were sufficiently hot that they too were partially Letter reSeArCH molten when they passed through the transition zone. In this case, the H 2 O and chlorine reported in the Gorgona komatiites could also have been derived from a hydrated reservoir in the transition zone. Our new unpublished data for melt inclusions in olivine from Gorgona picrite do indeed show significant H 2 O excesses (average H 2 O/Ce = 1,628 ± 711, 2σ, for 16 inclusions). On the other hand, the data reported for melt inclusions in olivine from the Tortugal picrites have no H 2 O excess over K (used as a proxy for Ce, which is not measured in Tortugal inclusions) 22 . However, data from the latter occurrence do not cover inclusions in the most Mg-rich Tortugal olivines (Fo = 93.5-94.5 mol%). Because crystallization of olivine phenocrysts in the Tortugal picrites occurred at pressure of over 5 kilobars 22 , their melt inclusions could have lost H by diffusion through olivine during emplacement at low pressures.
C. Herzberg (personal communication) pointed out that our hypothesis of the mantle transition zone as the source for excessive H 2 O of komatiite primary melts is not unique. As an alternative hypothesis, he suggested that the source of H 2 O excess could be recently recognized ultrahigh-pressure hydrous phases: phase H with a composition of MgSiO 2 (OH) 2 , phase δ with composition AlOOH, and most likely H-δ solid solution. These phases are stable down to the lower mantle 23 . We agree that this is a possible alternative for the H 2 O source in the Archaean komatiites. However, this hypothesis does not easily explain the presence of H 2 O and Cl excesses in the Phanerozoic komatiites and the absence of these excesses in other Phanerozoic mantle plumes that are thought to originate at the core-mantle boundary. In any case, whether H 2 O in komatiites was entrained from the transition zone or from the core-mantle boundary will not affect our main conclusion that the excess H 2 O and Cl and the deficit of Pb in Archaean komatiites originated from a surface reservoir, as demonstrated below.
Reconstruction of the original H isotopic compositions of Weltevreden melts trapped in high-Fo olivine (Fo = 95-96 mol%) yields a δD less than −140‰ with 95% significance (see Methods for discussion of the uncertainties). Reconstructed original H isotopic compositions of individual inclusions in most magnesian olivines of Belingwe and Abitibi yield (at 95% significance) δD less than −140‰ and −120‰, respectively. These compositions are considerably more depleted in deuterium than any currently accepted Archaean mantle composition and are even more depleted than the modern mantle (Figs. 2a, 4b) . Such a low δD could, however, correspond to that of a lithospheric slab that was initially altered by seawater, then dehydrated during subduction 5, 24 . This and the Cl excess argue that the H 2 O and Cl in the transition zone (or mantle-core boundary) came from reacted seawater that was transported into the deep mantle in partially dehydrated oceanic lithosphere. Additional support of this hypothesis is the temporal evolution of Ce/Pb ratio, which is lower for older sources, but remains still high compared with Bulk Silicate Earth 25, 26 , in the mantle sources of komatiites. (Fig. 4c) . The canonical ratio Ce/ Pb of mantle-derived melts is a sensitive indicator of the segregation of continental crust from the mantle 25, 26 . Furthermore, because continental crust production is a multistage process involving shallow recycling of materials processed at or near the Earth surface 25, 26 , the complement of this process in the deep mantle requires recycling of lithosphere down to the core-mantle boundary or transition zone. As seen from Fig. 4c , the evolution of Ce/Pb ratios in the deep mantle sources of komatiites mimics the proposed global production of continental crust 27 with a highly productive initial stage and a steady-state second stage. In addition, as shown recently 28 , the relatively low Si contents of 2.7-Gyr-old Abitibi komatiites suggest elevated carbon contents in their mantle sources. Taken together, these results argue that subduction or another process able to recycle surface materials deep into the mantle operated well before 3.3 billion years ago.
An alternative explanation for the origin of deuterium-depleted mantle was recently proposed based on the data on hydrogen isotope composition of melt inclusions in olivine from roughly 60-Myr-old Baffin Island picrites 29 . These authors suggested the existence of primordial reservoir with a low deuteriumto-hydrogen ratio inherited from the protosolar nebula. However, the reported melt inclusions do not show Cl and H 2 O excesses typical for studied komatiites and thus are likely to have sampled a different reservoir. Information Table 1a and refs 3, 4, 12 ). The compositions of Phanerozoic mantle and BSE are from refs 30, 31 . b, Evolution of hydrogen isotope composition of the mantle and crust. Compositions of BSE, crust plus altered lithospheric mantle, mantle and dehydrated lithosphere, and the evolution of crust plus altered lithospheric mantle are from references 5, 33 . Evolution of seawater is from ref. 33 . Large symbols are weighted averages and two standard errors of the reconstructed compositions of melt inclusions (colour coding as in a; Supplementary Information Table 1b ). Smaller symbols identify reconstructed compositions of the individual melt inclusions in the most magnesian olivine of Belingwe and Abitibi komatiites. Large red symbols numbered 1 and 2 correspond to the δD value of the Weltevreden melt associated with the most Mg-rich olivine (Fo 96) and to the average δD value of melt inclusions in olivine Fo 95, respectively. c, Evolution of the Ce/Pb ratio in mantle sources of komatiites, and the estimated production rate of continental crust 27 . BSE composition after ref. 31 and Phanerozoic mantle after ref. 30 . Ce/Pb ratios of melt inclusions of studied komatiites: Weltevreden 1521-26-9h, Abitibi 819-26-23, Belingwe Z6-11 (Supplementary Information Table 1a ). Lapland komatiite denotes calculated average of the least-contaminated melt inclusions in spinel 34 . All data are plotted with two standard errors of mean (not seen if they are smaller than the symbol size). RDL, recycling of dehydrated lithosphere.
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Samples. Weltevreden Formation komatiites (age 3.26 billion years).
Our three samples came from the well preserved parts of the cumulate zones of three separate flows (Extended Data Fig. 1 ) in the Saw Mill area of the Weltevreden Formation of Barberton greenstone belt, South Africa 35 . These massive komatiite cumulates consist of partially unaltered olivine, spinel and clinopyroxene grains of different size and composition enclosed within matrix of devitrified glass (chlorite and amphibole).
Sample 1521 (Gary's flow 2, 25.843493° S, 30.887730° E) is an olivine cumulate that contains large (up to 2 mm in diameter) partially serpentinized euhedral olivine grains with high Fo contents (93.5-95.5 mol% Fo). The interstitial groundmass of the rock is made of acicular clinopyroxene (up to 1 mm long), equant or skeletal spinel (up to 100 µm in diameter, Cr-number up to 81 [Cr/ (Cr+Fe 3+ +Ti+Al)] and altered volcanic glass. Sample 1522 (Keena's flow 1, 25.841625° S, 30.885684° E) is an olivine cumulate made of partially serpentinized euhedral olivine grains (1.5 mm in diameter, with a range of olivine compositions: 93.7-95.1 mol% Fo), acicular (up to 0.5 mm long) clinopyroxene, skeletal and to lesser extent equant spinel grains (up to 100 µm) and interstitial completely altered volcanic glass. Sample 1523 (Keena's flow 2, 25.841434° S, 30.885696° E) is an olivine cumulate consisting of partially serpentinized euhedral olivine grains of different size (mainly 1-1.5 mm, with individual grains up to 2.5 mm in diameter; 93-93.9 mol% Fo). The interstitial groundmass is made of acicular clinopyroxene (up to 1 mm long), equant and skeletal spinel crystals (up to 100 µm in diameter, Cr-number 77-82) and completely altered volcanic glass.
Abundant partially crystallized melt inclusions (a few micrometres to 200 µm in diameter) composed of glass, olivine, clinopyroxene and spinel occur in the olivine grains (Extended Data Fig. 2a ). Abitibi and Belingwe greenstone belts. The studied samples M810 (Pike Hill) and Z6 (Zimbabwe) are described in ref. 3 and ref. 4 respectively. Analytical methods. To study the compositions of minerals and glasses, we used the following in situ analytical techniques: electron probe microanalysis (EPMA), secondary ion mass-spectrometry (SIMS) and laser-ablation ICP-MS. Measured compositions and errors are presented in Supplementary Information Tables 2  and 3 , respectively. EPMA. Melt inclusions, host olivine and spinel were analysed for major and minor elements on a JEOL JXA 8230 microprobe at ISTerre in Grenoble, France using methods and protocols described in ref. 3 . SIMS. Hydrogen abundance and D/H ratios of olivine-hosted melt inclusions were analysed by the CAMECA IMS 1280 HR2 ion microprobe at the Centre de Recherches Pétrographiques et Géochimiques (CRPG). The inclusionbearing olivine grains recovered from the laboratory heating experiments, mounted in epoxy resin beds and analysed for major elements by EPMA, were carefully re-polished to remove carbon coating, using Al 2 O 3 (1-µm grain size) and then SiO 2 (0.25-µm grain size) suspensions. The grains were then removed from the epoxy and remounted by pressing them into two indium metal mounts, which were then ultrasonically cleaned and stored in a laboratory heating and drying oven at about +70 °C for 24 h. Immediately after gold coating and about 24-48 h before analysis, the mounts were placed into the sample storage of the ion probe and held at a pressure of ~10 −8 Torr to minimize the H 2 O background signal. The samples were sputtered with a 133 Cs + primary beam (10 kV, 1.5-3.2 nA) focused to a spot of 5-10 µm, rastered to 20 µm × 20 µm during 180 s pre-sputtering (to further clean the sample surface) and to 10 µm × 10 µm during analysis. A normalincidence electron gun was used for sample charge compensation. A mechanical field aperture of ~1,000 µm was set at the secondary ion image plane in order to eliminate the secondary ion signal from the spot margins. A liquid-nitrogen cold trap and a sublimation pump were used to maintain a sample chamber pressure of ≤ 10 −10 Torr during analyses. An energy slit was centred and opened to 30 eV. After pre-sputtering, the intensities of Data Fig. 3a) .
The hydrogen isotopic compositions are reported as δD values calculated as: Using equation (2), the matrix effect on the IMF was compensated and the δD true values were calculated as
true meas
where IMF is defined according to equations 1 and 2 of ref. 37 as IMF (‰) = 1,000 × {[(D/H) meas /(D/H) true ]−1}. The reported error (one standard error), calculated as average residuals for the obtained regression, is ±6.3‰ before correction for instrumental drift and 2.5‰ after drift correction (see section 'Uncertainties in initial hydrogen isotope compositions'). Laser-ablation ICP-MS. Trace-element concentrations in melt inclusions and host olivine were analysed by laser ablation ICP-MS using an Agilent 7900 quadrupole mass spectrometer coupled with a 193-nm excimer laser ablation system, GeoLas Pro (Coherent), at the Institute of Geosciences of Kiel University, Germany. Analyses were performed with 24-µm and 60-90-µm spots for inclusions and olivine, respectively, 10-Hz pulse frequency, and a laser fluence of 5 J cm −2 . In total, 41 elements were measured in melt inclusion glasses. Dwell times ranged from 2 ms for major elements to 20 ms for the least abundant trace elements (for example, Pb, Th, heavy rare-earth elements) with total time per cycle of 0.61 s. The other instrumental conditions and data reduction scheme were the same as in ref. 3 .
Melt inclusions.
Olivine fractions were placed into the platinum capsules and heated at 1 atm pressure in the CO 2 -H 2 gas mixture corresponding to QFM-1 oxygen fugacity in a vertical furnace at Vernadsky Institute in Moscow, Russia 38 , to homogenize the partially crystallized melt inclusions. Samples were heated to 800 °C for 5 min to exhaust the air oxygen, then the experimental temperature was raised to 1,450-1,520 °C for 5 min. Olivine grains were then quenched, mounted in epoxy and polished to expose the glassy melt inclusions on the surface. Although most of the melt inclusions contained a shrinkage bubble (Extended Data Fig. 2b-d) , some of them were completely homogenized (Extended Data Fig. 2e, f) . The melt inclusions studied were larger than 20 µm in diameter. Melt inclusions that had been altered and cracked before or during the experiment were identified by their low S concentrations (below 100 p.p.m.) and were excluded.
The composition of the glasses of melt inclusions are commonly modified by the Fe-Mg diffusional exchange with the olivine hosts and by the olivine crystallization on the walls of the melt inclusions 39 . Thus, the measured compositions were corrected using the reverse Fe-Mg exchange 40, 41 and applying a model 42 for equilibrium between olivine and melt and the estimated FeO contents of the trapped melts. For the Weltevreden samples, the FeO contents of the included melts were estimated as a function of Fo contents of equilibrium olivine through modelling the crystallization of random spinifex komatiite KBA 12-10, which is suggested to represent the initial magma composition 43 . The original trapped melt compositions of the Belingwe and Abitibi komatiites were reconstructed as described in ref. 4 and ref.
